H epatocellular carcinoma (HCC) is one of the most frequent human cancers, and is not only a leading cause of cancer-related deaths, but is also significantly increasing globally. (1, 2) The multistep development of HCC is characterized by the progressive sequential evolution associated with chronic liver damage. Although the precise molecular mechanisms of liver carcinogenesis are still unclear, the increased turnover of hepatocytes and inflammatory cell infiltrate seen in chronic hepatitis and cirrhosis may lead to an accumulation of molecular alterations, which ultimately result in the development of HCC. (3, 4) Many recent studies have shown that specific molecular alterations in tumor tissue can predict early intrahepatic recurrence, possibly due to the intrahepatic metastasis of HCC. (5, 6) However, the bleak outcomes of HCC patients even after potentially curative treatment have been, at least partially, attributed to its multicentric origin (late intrahepatic recurrence). (7, 8) Therefore, it is necessary to examine not only tumor tissue but also non-tumor liver tissue to investigate the molecular mechanisms during the process of hepatocarcinogenesis based on the concept of "field cancerization", because multicentric de novo occurrence of HCC is mainly related to underlying chronic liver damage rather than adverse tumor factors. (9) (10) (11) Field cancerization is a concept of tumorigenesis, which is defined as a cancer initiating with multiple cumulative epigenetic and genetic alterations that transform a cell or a group of cells in a particular organ. (12) This concept has been described in almost all organ systems, (13, 14) including in liver. (15) From a clinical viewpoint, the identification of specific molecular markers to estimate risk of HCC development may provide us with an opportunity to make early diagnoses and effectively intervene with preventative strategies, including salvage liver transplantation and adjuvant interferon therapy.
Currently, several studies have investigated molecular alterations in non-tumor liver tissue on a genome-wide scale, covering different dimensions such as mRNA and microRNA (miRNA) expression, and epigenetic changes. This review focuses on the potential clinical value of array-based comprehensive analysis of molecular alterations in non-tumor liver tissue, particularly aberrant DNA methylation, to clarify hepatocarcinogenesis risk.
Gene Expression Profiling in Non-Tumor Tissue and Hepatocarcinogenesis
There have been at least three reports of DNA microarray analysis that attempted to predict the risk of multicentric recurrence of HCC patients based on the idea of field cancerization. (16) (17) (18) One study created a scoring system to estimate the risk of multicentric hepatocarcinogenesis based on the geneexpression profiling of 36 genes commonly associated with both multicentric HCC and multicentric recurrence after hepatectomy. This scoring system successfully predicted the risk of multicentric occurrence of HCC in hepatitis C virus (HCV)-positive patients. (16) Hoshida et al. (17) revealed that the gene expression profiles in non-tumor liver tissue but not primary HCC tissue were highly associated with late recurrence, possibly resulting from the multicentric occurrence of HCC. Both studies used cDNA arrays, and the former evaluated the accuracy of a predictor based only on a training sample set (n = 40), whereas the latter examined it in 82 patients as a training set and in 225 patients as a test sample set. The latter study also confirmed the feasibility of genome-wide expression profiling of formalin-fixed paraffin-embedded tissues, although there was a lack of overlap of predictive genes identified between these two studies. (10) A third study also showed that DNA microarray analysis in non-tumor liver tissue from patients with HCV-associated HCC delivered novel molecular signatures of recurrence-free survival, especially among patients with late recurrence. (18) These findings suggest that biopsy-based gene expression analysis in cirrhotic patients may be a useful strategy to predict the risk of HCC development and highlight the need for adequate patient screening. (16) (17) (18) However, cross-study comparisons for validation of the findings reported on independent cohorts and array platforms may be needed. (18) MicroRNA Expression Profiling in Non-Tumor Tissue and Hepatocarcinogenesis MicroRNAs constitute a class of endogenous small regulatory RNA molecules that target mRNAs and trigger either translation repression or mRNA degradation. (19) Many miRNAs regulate genes associated with different biological processes, such as development, cell proliferation, apoptosis, stress response, and tumorigenesis. (20) (21) (22) Aberrant expression of several miRNAs are associated with multiple cancer types including HCC. (23) (24) (25) By analyzing tumor tissue, many articles have suggested promising results for miRNA-based classifiers in the progression of HCC. (26) (27) (28) (29) (30) (31) However, only a few studies have focused on non-tumor liver tissue to identify miRNA-based classifiers for clinical outcomes. Sato et al. (28) examined miR-NA expression profiling in paired tumor and non-tumor liver tissue samples from 73 HCC patients who satisfied the Milan Criteria. The expression patterns of tumor-derived miRNAs tended to predict early recurrence better than late recurrence, whereas those of non-tumor-derived miRNAs tended to better predict late recurrence after hepatic resection for HCC. These researchers suggested that miRNA expression profiling in nontumor liver tissue would reflect the accumulation of genome abnormalities (the "field effect") in the non-cancerous liver cells. More recently, the miRNA expression patterns in non-tumor liver tissue in HCC patients without multicentric recurrence in more than 3 years and those with multicentric recurrence within 3 years after hepatectomy were compared using a miRNA microarray analysis consisting of 955 probes. (32) Twenty differentially expressed miRNAs associated with multicentric recurrence were identified. The downregulated miRNAs included let-7d, which has been observed in many malignant tumors. (33, 34) Expression of let-7d is significantly decreased by treatment with a specific colonic carcinogen at an early stage of carcinogenesis.
(33) Downregulation of let-7d promotes pancreatic cancer transformation by post-transcriptional upregulation of crucial related oncogenes, such as K-RAS. (34) Therefore, the reduced expression of let-7d in non-tumor liver tissue might be associated with multicentric recurrence through the upregulation of K-RAS.
These studies suggest that specific miRNA expression signatures in non-tumor liver tissue may help predict the risk of de novo development of HCC. (28, 32) However, prospective and external validations are needed before miRNA microarray analysis can be put into practical use.
DNA Methylation Status in Non-Tumor Tissue and Hepatocarcinogenesis
Aberrant DNA methylation is observed in many human cancers, including HCC, in which global hypomethylation and specific promoter hypermethylation have been found as typical epigenetic changes involved in genomic instability and silencing of tumor suppressor genes, respectively. (35, 36) Despite numerous examples of aberrant DNA methylation, little is known about the global picture of hyper-or hypomethylated genes in the pathogenesis of HCC. However, several array-based studies indicated that specific DNA methylation signatures in HCC tumor tissues were associated with tumor progression and prognosis in patients with HCC. (37) (38) (39) (40) (41) (42) Aberrant DNA methylation is not only present in HCC tissue, but can also be found in chronically damaged non-tumor liver tissue. (15, 43, 44) Therefore, a better understanding of methylation alterations in the early stages of hepatocarcinogenesis will provide important molecular insights into the stepwise accumulation of epigenetic changes and may estimate the future risk of developing HCC. Indeed, several researchers have focused on aberrant DNA methylation in non-tumor (precancerous) liver tissue associated with clinicopathological features and prognosis in patients with HCC. Lou et al. (15) revealed that patients with RIZ1 hypermethylation, determined by methylation-specific PCR, in non-tumor liver tissue had a shorter disease-free survival, suggesting the existence of field cancerization in liver. Formeister et al. (43) showed that RIZ1 hypermethylation and LINE-1 hypomethylation, assessed by combined bisulfite restriction analysis, in non-tumor liver tissue were associated with time-to-recurrence. Another study examined the methylation status of nine CpG island loci, including RASSF1A and SOCS1, in dysplastic nodules and early HCC using MethyLight analysis. The frequency of methylated genes increased in a stepwise fashion from cirrhosis to dysplastic nodules, peaked in early HCC, and rather decreased in progressed HCC. (44) Array-Based Analysis of Aberrant DNA Methylation
As methylation-specific PCR is commonly used in studies examining altered methylation levels in HCC, a single or a limited number of genes have been examined per study. (15, 45) New development of DNA methylation analysis using arraybased technologies now offers tremendous opportunities to study methylation on a genome-wide scale. This approach can improve our understanding of the epigenetic mechanisms and the effect of DNA methylation on disease-associated molecular networks and pathways, beyond single genes.
Kanai et al. (46) reported that DNA methylation alterations on chromosome 16 were frequently observed even in nontumor liver tissue. This was one of the earliest reports of DNA methylation alterations at the precancerous stage of HCC. To clarify genome-wide DNA methylation profiles during hepatocarcinogenesis, these researchers later carried out bacterial artificial chromosome (BAC) array-based methylated CpG island amplification. After omitting potentially insignificant BAC clones associated only with inflammation and fibrosis, BAC clones for which DNA methylation status was inherited by HCCs from the precancerous stage were determined. The average numbers of BAC clones showing aberrant DNA methylation increased stepwise from non-tumor liver tissue to HCC tumor tissue, indicating that alterations of DNA methylation during hepatocarcinogenesis occur in a genomewide manner. Twenty-five BAC clones, whose DNA methylation status was able to discriminate non-tumor liver tissue from normal liver tissue with 100% sensitivity and specificity, were successfully identified. (47) For appropriate surveillance of patients at the precancerous stage of HCC, the criteria for carcinogenetic risk estimation were further explored. (48) The criteria combining DNA methylation status for 30 regions, including the 45 CpG sites in non-tumor liver tissue, could estimate the risk of carcinogenesis in both the learning and validation cohorts. Therefore, it appears that clinicopathologically valid DNA methylation alterations have already accumulated at the precancerous stage. (48) Because even subtle alterations of DNA methylation profiles at the precancerous stage are stably preserved on DNA double strands by covalent bonds, they may be better indicators for risk estimation than mRNA, miRNA, and protein expression profiles that may be easily affected by the microenvironment of precursor cells. (47, 49) To date, at least three studies have used the Illumina (San Diego, CA, USA) GoldenGate Methylation BeadArray Cancer Panel I for simultaneously profiling the methylation state of 1505 CpG sites to identify differentially methylated CpG sites that may be important molecular events involved in liver tumorigenesis. (41, 45, 50) Hernandez-Vargas et al. (41) revealed the distinct methylation of an independent panel of gene promoters (58 CpG sites) in HCC tumor tissue that was strongly correlated with survival after cancer therapy. However, none of these studies focused on aberrant DNA methylation in nontumor liver tissues associated with the early events of hepatocarcinogenesis. More comprehensive studies have determined differentially methylated genes between HCC tissues and adjacent non-tumor tissues and ⁄ or normal liver tissue using HumanMethylation27 DNA Analysis BeadChips (Illumina), which interrogate 27 578 CpG sites. (51) (52) (53) The main purpose of two of these studies was to determine previously unknown regions and genes that are differentially methylated in HCC, and to identify promising candidates of tumor suppressor genes as biomarkers for human HCC. (51, 52) A third study revealed that both a hierarchical cluster analysis and the corresponding supervised principal component analysis showed a clear separation of non-tumor tissue from normal liver tissue and HCC tumor tissue. (53) As non-tumor liver tissue is more similar to normal liver tissue than the HCC tissue, the DNA methylation status of the affected loci changed gradually with the transition from normal liver to non-tumor liver tissue and further to a malignant phenotype of HCC. The findings in this study implicated the association of aberrant DNA methylation in nontumor liver tissue with hepatocarcinogenesis. (53) Furthermore, by using the latest version of the Illumina methylation microarray chip (HumanMethylation450 BeadChip) containing over 485 000 CpG sites, two studies identified aberrant DNA methylation in various known differentially methylated regions, as well as potential new HCC differentially methylated loci. (54, 55) Global hypomethylation in HCC tissue was confirmed, especially in the intergenic regions and gene bodies. The main purpose of these studies was also to identify promising biomarkers for human HCC, but they did not focus on the differential methylation in non-tumor liver tissue related to hepatocarcinogenesis.
Aberrant DNA Methylation and Diverse Etiologies
The molecular mechanisms related to aberrant DNA methylation in hepatocarcinogenesis are complicated and multifactorial, and seem to differ according to the diverse etiologies.
(56-58) Nishida et al. (59) quantified hypermethylation of tumor suppressor genes in HCC tissue at 19 CpG loci using combined bisulfite restriction analysis, and found that such hypermethylation was a major mechanism driving human hepatocarcinogenesis, especially in HCV-related HCC rather than hepatitis B virus (HBV)-related HCC. They also revealed that HCV-negative cases may be more likely to develop HCC through DNA hypomethylation based on the results of MethyLight analysis for repetitive DNA sequences, such as LINE-1 and Alu. (60) To further clarify the specific DNA methylation signatures associated with different etiological factors, arraybased studies have recently been carried out. Two bead array studies identified the existence of specific methylation profiling in HCC tumor tissue according to diverse etiologies, including alcohol-related, HBV-related, HCV-related, and cryptogenic HCC. (41, 52) However, few studies have examined whether specific DNA methylation status associated with etiologies is observed in non-tumor liver tissue.
Hepatitis C virus-related HCC is responsible for the greatest proportion of HCC patients in Japan, however, the proportion of HCC cases negative for hepatitis B surface antigen and hepatitis C antibody, so-called "NBNC-HCC", is rapidly increasing. (61, 62) However, there have been no studies specifically focusing on the implications of the molecular characteristics of non-tumor liver tissue in terms of hepatocarcinogenesis in patients with NBNC-HCC. Therefore, DNA methylation profiling of autosomal CpGs in non-tumor liver tissue of NBNC-HCC (n = 15) was compared with that in normal control (NC) liver tissue (n = 8) using the HumanMethylation450 BeadChip, as described previously. (63) The former (n = 15) included eight hepatitis B core antibody (HBcAb) positive (+) and seven HBcAb negative (À) patients. The latter (n = 7) were nontumor liver tissue samples from patients who did not undergo any preoperative treatments, such as chemoradiotherapy. The methylation score for each CpG site was represented by a Beta-value calculated according to the normalized probe fluorescence intensity ratios between methylated and unmethylated signals, and Beta-values vary between 0 (fully unmethylated) and 1 (fully methylated). Figure 1 shows volcano plots showing 87 differentially methylated CpG sites in HBcAb (À) liver tissues and 603 CpG sites in HBcAb (+) liver tissue in comparison with NC liver tissue (Beta-value difference >0.2, P < 0.05). It is interesting to note that more differentially methylated CpG sites were identified in HBcAb (+) liver tissue samples compared with those from HBcAb (À) liver tissue, suggesting the possible epigenetic association of occult HBV infection with hepatocarcinogenesis. Thirty CpG sites were commonly hyper-or hypomethylated in both HBcAb (À) and HBcAb (+) liver tissue samples. The overlapping CpG sites were 100% consistent in the direction of methylation changes. The principal component analysis based on these differentially methylated CpG sites showed a clear separation of HBcAb (À) and HBcAb (+) liver tissue samples from NC liver tissue (Fig. 2) . Therefore, specific DNA methylation profiling, which possibly contributes to the development of HCC, may exist in the non-tumor liver tissue of patients with NBNC-HCC. A Manhattan plot revealed that such DNA methylation alterations were spread across all chromosomes (data not shown). were commonly hyper-or hypomethylated in both HBcAb (À) and HBcAb (+) liver tissue samples. This genome-wide DNA methylation array system (HumanMethylation450 BeadChip) includes the promoter, gene body, and 3 0 -UTR. (64) In fact, high percentages of aberrant DNA methylation were observed in gene bodies rather than promoters (Fig. 3) . A recent study showed that CpG sites located at promoter regions show a negative correlation whereas CpG sites in gene bodies show a positive correlation between DNA methylation and gene expression levels. (65) It is important to note that correlations between DNA methylation status and gene expression levels may be dependent on the location of CpG sites in the genes. In addition, cautious interpretation of these microarray data with special emphasis on potential signals generated by cross-reactive probes and polymorphic CpGs should also be recommended. (66) 
Future Directions
Although the potential clinical value of array-based analysis of molecular alterations in non-tumor liver tissue to clarify the risk of hepatocarcinogenesis is still not well characterized, the association of such molecular alterations with HCC patient prognosis has been increasingly investigated. Indeed, the emergence of specific alterations of DNA methylation profiles have already been confirmed in non-tumor liver tissue samples (precancerous lesions) obtained from patients with HCC. Therefore, in addition to the antiviral and antiinflammatory therapies, epigenetic therapies for patients with chronic liver diseases may be helpful to reduce the risk of HCC development because epigenetic alterations are potentially reversible, and thus provide promising molecular targets for therapeutic intervention, especially for the subset of HCC that develops through the epigenetic pathway. Furthermore, because of continued and rapid progress of mRNA, miRNA, and epigenetic studies, the integrative analyses of all these data will increase our knowledge of the stepwise accumulation of molecular alterations during hepatocarcinogenesis. This will enable us to identify which patients will most benefit from certain therapeutic and preventive strategies, an important step towards personalized medicine in the treatment of early-stage HCC.
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